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Abstraet-The aim of this study is to design a novel PET detector module using an array of sub-millimeter LSO crystal read out by an array of surface-mount type of Multi-Pixel Photon Counter (MPPC). The volume of one MPPC sensor is 2.4 x 1.9 x 0.8 mm 3 and the sensitive area is 1 x 1 mm 2 • The 9 MPPCs were arranged into a 3 by 3 array held by a Teflon base with 9 pockets. This provides an 8.6 x 8.6 mm 2 sensing area to decode a 10 by 10 array with 0.8 x 0.8 x 3 mm 3 LSO crystals of 0.86 mm pitch. After all the components were assembled, the base was mounted to a readout board that consists of quenching resistors, coupling capacitors, resistive charge divider, and current feedback preamplifiers. A light guide was fabricated to control the distribution of scintillation lights generated from the LSO array on the MPPC sensitive area so as to get a better localization of each gamma-ray event. A Monte Carlo simulation program was utilized to assist the light guide design. For the flood image measurement, a Na-22 point source was used. The energy resolution was measured with a Ge-68 source for each LSO crystal by a Gaussian fit to the photopeak in its energy spectrum. Timing resolution was measured against a plastic scintillator coupled to a Hamamatsu H5783 PMT using a standard time-toamplitude converter. Linearity test was performed with gammaray sources of various energies. The 10 by 10 array of 0.8 mm LSO crystals can be clearly resolved in the flood image. Timing resolution of the single channel MPPC was estimated to be 620 picoseconds FWHM. Mean energy resolution and standard deviation value were 18.8% FWHM and ± 2.70/0 at 511 keV. The nonlinearity is observed at the single MPPC and the corner crystals in the MPPC array, but less significant for central crystal. These results demonstrate that the proposed PET detector module can be used for high resolution PET insert applications. It can potentially be used for MR compatible PET applications.
Index Terms-8iPM, MPPC, silicon photo-multiplier, positron emission tomography, gamma-ray imaging I. INTRODUCTION Previously developed Positron Emission Tomography (PET) insert system had successfully achieved a higher spatial resolution with a novel virtual-pinhole PET geometry [1, 2] . This study was motivated by the PET insert project to improve the image resolution of an existing general-purpose animal PET system. With the previous design based on photomultiplier tubes (PMTs) to read out scintillation crystal arrays, a significant number of photons might be attenuated by the light detector which reduces the overall system sensitivity [3] . A semiconductor light detector allows gamma-ray easily passing through a sensor without significant attenuation. Recently, there has been a vast interest in silicon photomultiplier (SiPM) for gamma-ray detector applications because it provides several attractive features as follows [4] [5] [6] [7] :
• High internal gain and low noise.
• Sub-nanosecond time resolution in principle.
• Easy gain calibration due to single cell resolution.
• Insensitive and stable operation in magnetic fields.
• Potentially lower production cost compared to other photon detectors. Additionally, its small dimension and easy handling of large sets of sensor array, compared to PMT, offer advantage when building a compact scintillation block detector. Therefore, SiPM is a promising light detector that could substitute the PMTs in medical imaging system, in particular for a Magnetic Resonance (MR) compatible PET scanner due to its insensitivity in magnetic fields [6, 7] .
A number of SiPM detector have been developed by many research groups and some of them are commercially available, although they still need to be improved in terms of sensitivity, quantum efficiency, fill factor, and packing fraction. A detector module composed of an array of SiPMs for imaging purpose could have a dead space between neighboring sensors, which inevitably reduces the light collection efficiency and may increase positioning inaccuracy. Therefore, controlling the scintillation light collection efficiency is critical in order to obtain a good flood image.
Another factor affecting to the detector performance is the number of micro cell. A larger number of micro cell provides a wider dynamic range but lower fill factor (ratio of the active area of a pixel to the entire area of the pixel). As a result, there is a trade-ofT between the linearity of detector response and the photon detection efficiency in block detector design. If a detector module consisted of multiple SiPM, the scintillation lights could be shared among multiple sensors during the gamma-ray detection. As a result, a SiPM with smaller dynamic range and higher fill factor may still be adequate for the detection of high energy gamma-rays. In such case, light guide design plays a key role in the detector performance as it controls the sharing of scintillation lights among the sensing area.
The scope of this study is to build up a novel PET detector module using an array of sub-millimeter LSO crystal coupled with a light guide and read out by an array of surface-mount type of Multi-Pixel Photon Counter (MPPC is a Geiger mode avalanche photodiode device made by Hamamatsu, Japan) [8] .
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The basic performance for high-resolution PET applications was evaluated through measuring its flood image~energy resolution~timing resolution~and linearity of output signal response.
II. MATERIALS AND METHODS

A. Detector Module Design
The volume of one MPPC sensor was 2.4 x 1.9 x 0.8 mm 3 and the sensitive area was 1 x 1 mm 2 as illustrated in Figure 1 .
The 400 micro-cells of this surface mount type MPPC sensor are covered with a transparent resin film of 0.3 mm in thickness and it has two long metal strips on the bottom surface to provide the electrical contacts. The 9 MPPCs were arranged into a 3 by 3 array held by a Teflon base with 9 pockets as shown in Figure 2 . This provides an 8.6 x 8.6 mm 2 sensing area to decode a 10 by 10 array with 0.8 x 0.8 x 3 mm 3 LSO crystals of 0.86 mm pitch. The LSO array used in this study has 12 x 24 crystals~but only the central lOx 10 elements are used. The unused area was masked by black tape. The layout of the MPPC array is shown in Figure 2 . Optical grease was applied to every optical interface between the MPPC and LSO array. The white Teflon base consists of 2 pieces that hold (from top down) a LSO array~a light guide~the 9 MPPCs~and 18 pogo-pins. The gold plated pogo-pins conduct the MPPC output signal to a readout board that consists of quenching resistors~coupling capacitors~resistive charge divider~and current feedback pre-amplifiers. The MPPC output signals were multiplexed to reduce the 9 channel signals into 4 channels. The signals were fed into the nuclear instrumentation module (NIM) and were digitized by a dataacquisition unit to create a list-mode format data file.
B. Light Guide Design
A light guide was designed to control the distribution of scintillation lights generated from the LSO array on the MPPC sensitive area so as to get a better localization of each gammaray event. A Monte Carlo simulation program~DETECT2000, was utilized to assist the light guide and detector module design [9] . To reduce the calculation time, only five LSO crystals in the left middle part of the array were studied for the event localization. The simulation geometry is illustrated in Figure 3 . A number of parameters such as light guide thickness, saw-cut depth~the number of cuts~and reflectivity on the surfaces were examined to evaluate their effect on the 2D flood image.
The MPPC sensor had a large dead space on its face (sensitive area was only about 21.9% of the sensor face) and the MPPC detector array also had a relatively big gap between adjacent detectors. The total coverage of 9 MPPCs~sensitive area against the 10 by 10 LSO array was 12.2%. To minimize the light lose and to increase the light collection efficiencyr eflector was inserted between the light guide and the MPPC array to cover the inactive area [10] .
A prototype light guide was made with clear polycarbonate plastic glass [11] using parameters obtained from the simulation study that provide the best separation of the crystals in the 2D flood image. VM-2000 specular reflector was used to enclose the side and bottom surfaces of the light guide. The bottom reflection mask has 9 openings matching to the MPPC sensitive area positions. 
C. Basic Performances
For the flood image measurement~a Na-22 point source was used to acquire 2-D position histogram of the 10 by 10 LSO array to verify the pixel separations. Crystal lookup table was also created from the flood image for the subsequent experiment.
The energy resolution was measured with a Ge-68 point source for each LSO crystal by a Gaussian fit to the photopeak The photopeak channels of various gamma-ray energies were summarized in Table I . For the single MPPC detector, the saturation effect appears at very low gamma-ray energy (worse than the corner crystals of the 10 by 10 LSO array). Figure 7 shows surface plots of the photopeak channels of 10 by 10 LSO pixels according to four different gamma-ray energies. The peak is lower for corner crystals than for crystal near the center. This indicates saturation of MPPC output near the corner of the detector module because the light guide limits the spread of scintillation photons for the edge and corner crystals. Figure 8 illustrates the linearity curves of different detectors as a function of gamma-ray energy. The linear line on the each graph was extrapolate from the peak channel of 122 keY of Co-57 to predict the peak channels for different gamma-ray energies should the detector response is linear. The upper graph compares LSO crystals in the central region of the detector module versus corner crystals and the lower graph compares a single LSO crystal coupled to a PMT versus a MPPC. Nonlinear response of the 400 micro-cells MPPC is clearly seen when directly coupled to a LSO crystal. The nonlinearity was also observed at the corner crystals in the MPPC-array based detector module., but less significant for central crystal. 
III. RESULTS
The 10 by 10 array of 0.8 mm LSO crystals can be clearly resolved in the flood image shown in Figure 4 . The total number of events was about 5 millions counts (singles).
Timing spectrum is shown in Figure 5 with 16 nsec delay between the two peaks. Timing resolution of the entire detector module was estimated to be 2.06 nsec FWHM when the annihilation photons were aimed to the center of the LSO array. When the gamma-ray was aimed to the edge and corner of the LSO crystal., the timing resolutions got slightly worse. Timing resolution of single channel MPPC measuring against the H5783 PMT coupled with a single piece of plastic scintillator was 620 picoseconds.
Mean., standard deviation., minimum (best) and maximum (worst) energy resolution values were 18.8% FWHM., ± 2.7%., 10.1 %., and 26.1 %., respectively. Figure 6 shows the look-up table and the 10 by 10 energy spectra at each crystal position. of individual energy spectra. The 4 channel signals recorded into a list-mode format data were summed together to decided the gamma-ray energy. The flood image and energy resolution data were obtained with single trigger system while timing measurement was performed with coincidence trigger.
Timing resolution of the MPPC array detector module was measured against a Hamamatsu H5783 PMT coupled with a plastic scintillator. The fast PMT output signal was used as the start of the time-to-amplitude converter (TAC) module. The MPPC signal followed by an optional delay was used as the stop of the TAC. The TAC output was digitized with or without the optional 16 nsec delay to obtain the timing spectrum of the detector., with the two peaks used to calibrate the factor of nanosecond per channel.
The MPPCs used in this study have 400 micro-cells each. Co-57., Tc-99m., Ga-67., 1-131., Ge-68 and Na-22 radiation sources were used to investigate the linearity of the detector output at different gamma-ray energies (93., 122., 140., 185., 300., 364., 511., and 1275 keY). Each source was placed at 75 mm away from the LSO surface (> 5x detector area) to acquire the energy spectra of lOx 10 LSO pixels at the corresponding energy. LSO background was subtracted from the energy spectra before the linearity profiles are generated. We hypothesize that the output linearity of the proposed detector module might be better than that of a single LSO crystal individually read out by a single MPPC of the same type because the scintillation light is shared among several MPPCs in our detector module. The same linearity test was repeated using a single channel MPPC or a H5783 PMT coupled to a single LSO crystal. The PMT data was used as a reference point to compare the linearity between single channel MPPC and MPPC array detector. The single channel MPPC data was utilized to validate the linearity improvement in the center and corner of the MPPC array. 
IV. DISCUSSIONS AND CONCLUSION
The 3 by 3 MPPC sensor array could resolve the 10 by 10 array of 0.8 mm x 0.8 mm LSD crystals. Unclear photopeak and multiple peaks can be seen in the energy spectra of some edge crystals. This suggests a fair number of events are misidentified near the edge of an array. The flood image and the crystal lookup table could be improved when the light guide was optimized further and precisely fabricated. The optimization includes reflectivity of surface treatment, saw-cut width, saw-cut depth, saw-cut location in the light guide, and light guide thickness. The light collection efficiency can be further improved if the saw-cut width (currently >0.15 mm) can be further reduced. DETECT2000, Monte Carlo simulation results have suggested that a single saw-cut may be enough to control light photons and to separate all lOx 10 crystals in such a detector module. Since the saw-cut was another source of light absorption, we will investigate the use of minimum saw-cut in the future.
The resistive-charge-divider circuit reduced 9 MPPC signals into 4 and simplified the read-out system. However, the impedance matching should be carefully considered. The timing resolution of the detector module obtained in this study is significantly lower than that acquired by a single MPPC or those reported by other groups using SiPM. The timing resolution could, in principle, be improved with better impedance match and a better summing circuit of the 4 output signals. These results demonstrate that the proposed PET detector module can be used for high resolution PET insert applications. In addition, this detector block could potentially be used for MR compatible PET applications due to its compactness, electrically advantageous properties, and insensitivity in magnetic field.
